Animal studies have shown that autophagy is essential in the process of obesity. Here, we performed daily injection of the autophagy inhibitor chloroquine (CQ) in mice and found that systemic administration of CQ blocks high-fat diet-induced obesity. To investigate the potential underlying molecular mechanism, we employed genetic and pharmacological interventions in cultured preadipocytes to investigate the role of autophagy in the control of the expression of the adipogenic regulator peroxisome proliferatior-activated receptor-␥ (PPAR␥). We show that adipogenic differentiation of 3T3-L1 preadipocytes is associated with activation of autophagy and increased PPAR␥2 protein level. Treatment with CQ, shRNA-mediated knockdown, or genetic engineering-induced deletion of autophagy-related gene 5 (Atg5) promoted proteasome-dependent PPAR␥2 degradation and attenuated adipogenic differentiation. Therefore, activated autophagy increases PPAR␥2 stability and promotes adipogenic differentiation, and inhibition of autophagy may prevent high-fat dietinduced obesity and the consequential type 2 diabetes. peroxisome proliferatior-activated receptor-␥2; obesity; adipogenesis; adipogenic differentiation; autophagy; proteasome-dependent protein degradation OBESITY IS A MAJOR HEALTH RISK FACTOR that contributes significantly to the development of many human diseases, including type 2 diabetes mellitus, hyperlipidemia, hypertension, coronary heart diseases, and certain types of cancer (13, 14, 34) . Embryonic mesenchymal stem cells from the mesoderm give rise to common early precursors or adipoblasts, and these cells develop further into committed preadipocytes and ultimately mature adipocytes. Obesity can result from adipocyte hypertrophy (an increase in adipocyte size) and hyperplasia (an increase in cell number) (19, 28) . In humans, adipocyte number increases dramatically in the first two decades of life and continues to turn over at the rate of 10% per year throughout adulthood (38). Since mature adipocytes are postmitotic, adipocyte hyperplasia requires formation of new adipocytes from the differentiation of precursor cells.
(PPAR␥) has been elucidated in preadipocyte lines (4, 11, 39) . Among these factors, PPAR␥ is both necessary and sufficient to induce adipogenesis in vitro and in vivo (3, 35, 43) . In particular, genetic studies have shown that PPAR␥ is rate limiting in the development of obesity and insulin resistance in animal models (26) and in human populations (12, 16) .
A recent advancement in the understanding of adipogenesis is in the role of autophagy, a catabolic process for the degradation of bulk cytoplasmic contents and subcellular organelles (29, 31) . Autophagy has been functionally linked to adipogenesis and obesity. Specifically, increased autophagy and autophagic flux in adipose tissues in obesity have been observed in obese humans and animals (21, 25, 33) , although one study reported suppressed autophagy in adipose tissues in mice (46) . Importantly, genetic disruption of autophagy genes such as Atg5 and Atg7 significantly impedes adipogenesis in cultured preadipocytes and attenuates diet-induced obesity in mice (2, 47) . These exciting findings have revealed the functional importance of autophagy in obesity; however, the link between autophagy and cellular program of adipogenesis and obesity remains to be further defined. We hypothesized that an activation of autophagy is critical in adipogenic differentiation by regulating the expression of adipogenic transcription factors.
Here, we first show that systemic administration of CQ, an inhibitor of autophagy, blocks high-fat diet-induced obesity and insulin resistance in mice. To gain mechanistic insights, we took advantage of pharmacological and genetic interventions in a well-established cell culture system to show that activation of autophagy is associated with and functionally required for adipogenic differentiation in vitro. We then show data supporting the functional importance of autophagy on proteasomemediated degradation of the functional isoform of PPAR␥, PPAR␥2. These findings provide mechanistic insights and prove the feasibility of targeting autophagy pharmacologically for prevention of obesity and related pathological conditions.
MATERIALS AND METHODS
Reagents and antibodies. Bovine serum albumin (fatty acid free), human recombinant insulin, 3-isobutyl-1-methylxanthine (IBMX), dexamethasone (DEX), Oil Red O dye, chloroquine (CQ), hydroxychloroquine (HCQ), primaquine (PQ), bafilomycin (Baf), polybrene, Eagle's Balanced Salt Solution, and the set of Atg5 shRNA lentiviruses with three different target sequences (NM_053069.2-381s1c1, NM_053069.2-576s1c1, and NM_053069.2-514s1c1) and a nontarget shRNA lentivirus (SHC002V) were purchased from Sigma. TRIzol reagent and all cell culture media were purchased from Invitrogen. Antibodies against PPAR␥, C/EBP␣, C/EBP␤, C/EBP␦, fatty acid-binding protein 4 (FABP4; aP2), LC3, and p62 were from Cell Signaling Technology. Antibody for Atg5 was from Novus Biologicals. Antibody for ␣-tubulin was from Abcam. Protease inhibitor tablets were from Roche.
Animals. Adult male mice (C56BL/6J, 8 wk of age) were purchased from the Jackson Laboratory and housed in temperature-controlled (21°C) quarters with a 12:12-h light-dark cycle. Mice were fed normal chow (Purina Chow, 11% fat) or a 60% high-fat diet (D12492; Research Diets) for 8 wk with a daily injection of saline or CQ (60 mg·kg Ϫ1 ·day Ϫ1 ip). The mice with targeted disruption of the Atg5 gene (in C57BL/6 background) were obtained from Dr. Noboru Mizushima at Tokyo Medical and Dental University (27) . Because of the early postnatal lethality, all Atg5 mutant mice were maintained as heterozygous mutant. All animal protocols were approved by the SingHealth and University of Virginia Institutional Animal Care and Use Committees.
Body composition. Mice were analyzed for body composition by using an EchoMRI-100 (Echo Medical Systems) essentially as described previously (15) .
Glucose tolerance test. Glucose tolerance tests were performed by a bolus intraperitoneal (ip) glucose injection (0.5 g/kg) after overnight fasting. Blood samples were taken at various time points (0 -120 min) from the tail vein, and blood glucose concentrations were measured by using an Ascensia Contour Blood Glucose Meter (Bayer).
[18F]fluorodeoxyglucose MicroPET imaging. Imaging was performed for measurement of insulin-stimulated glucose uptake in living mice by using a dedicated small-animal PET scanner (R4 microPET scanner; Concordes Microsystems). Following overnight fasting (ϳ16 h, from 1700 to 0900) with water ad libitum, mice were injected with ϳ5. 25 and 50 min post-insulin injection. During the scanning period, mice were maintained under 2% isoflurane anesthesia in oxygen, with the ambient temperature maintained at ϳ30°C by an infrared lamp. Mice were returned to regular cages maintained at 37°C for recovery from the anesthesia in between each acquisition. The same procedures were performed in a staggered manner (3 min) or in additional mice (Յ8 mice). An energy window of 350 -700 keV and a coincidence timing window of 6 ns were used. Two-dimensional histograms by Fourier rebinning and image reconstruction by filtered back projection were used. The image data were corrected for nonuniformity of the scanner response, dead time count losses, and physical decay to the time of injection. No correction was applied for attenuation, scatter, or partial volume averaging. For quantitative image analysis, regions of interest were drawn manually over the lower hindlimbs. The counting rates in the reconstructed images were converted to standardized uptake values by a system calibration factor derived from the imaging of a mouse-size water-equivalent phantom containing 18 F. Insulin-stimulated glucose uptake was calculated as percent increase of peak standardized uptake value at 50 min post-insulin injection.
Cell culture. Atg5 Ϫ/Ϫ embryonic fibroblasts were prepared from 19.5-day-old embryos following timed pregnancy. Briefly, 19.5-day pregnant mice were euthanized humanely under isoflurane-induced anesthesia by cervical dislocation. Each embryo was removed from the uterus and placed in a six-well plate with 3 ml of 1ϫ phosphate buffered saline (PBS). The hindlimbs were finely minced and digested in 2 ml trypsin-EDTA at 37°C for 20 min with frequent shaking (every 5 min). The digested tissues were dispersed by pipetting 10 -20 times, followed by centrifugation at 800 g for 3 min. The supernatant was then transferred and plated on a 35-mm plate with 3 ml of growth medium consisting of Dulbecco's modified Eagle's medium (4.5 g/l glucose, 4.0 mM glutamine, and 1.0 mM sodium pyruvate) supplemented with 10% fetal bovine serum at 37°C in 5% CO2, with medium change every other day. 3T3-L1 preadipocytes and mouse embryonic fibroblasts were maintained at 37°C in 5% CO2 in growth medium. For differentiation, confluent cells were maintained in growth medium for 2 more days before being switched to differentiation medium (growth medium ϩ 250 nM insulin, 0.5 mM IBMX, and 1.0 M DEX). After 2 days, the differentiation medium was replaced by maintenance medium (growth medium ϩ 250 nM insulin), and the cells were maintained in maintenance medium with medium change every other day. To determine the impact of autophagy inhibition on adipogenic differentiation in vitro, 3T3-L1 adipocytes were treated with CQ, HCQ, PQ (all at 30 M), or Baf (20 nM) in differentiation medium for 24 h before being switched to maintenance medium for 4 days, followed by assessment of adipogenic differentiation by Oil Red O staining and other analyses.
PPAR␥ stability. To determine PPAR␥ stability, we incubated proliferating (in growth medium) or differentiating (24 h after being switched to differentiation medium) 3T3 cells for 0, 2, 4, 6, 8, or 10 h, followed by sample harvesting and Western blot analysis. To determine whether the effect of autophagy inhibition on PPAR␥2 expression is mediated through interference with proteasome-dependent proteolysis, we treated confluent 3T3-L1 cells in differentiation medium with or without proteasome inhibitor MG132 (50 M) for 2 h, followed by treatments with/without MG132 plus CQ, HCQ, or PQ for 24 h (all at 30 M).
Lentivirus-mediated gene knockdown. Two days postconfluence, 3T3-L1 preadipocytes were cultured in differentiation medium with Atg5 shRNA or nontargeting shRNA lentiviruses and 6 g/ml polybrene. The cells were infected with the lentiviruses at MOI of 50 TU/cell. The cells were washed once with PBS and changed to maintenance medium 48 h after the infection. The cells were cultured in maintenance medium for 4 days before being harvested for further analyses.
Oil Red O staining. Neutral lipid content in differentiated 3T3-L1 adipocytes or mouse embryonic fibroblasts (MEF) from WT and Atg5 Ϫ/Ϫ mice was determined by Oil Red O staining, as described previously (23), with minor modifications. Specifically, differentiated 3T3-L1 adipocytes or MEF were washed twice with PBS, fixed in 3.7% formaldehyde for 2 h, and stained with 0.2% (wt/vol) Oil Red O solution in 60% (vol/vol) isopropanol for 3 h. Cells were then washed with water three times, and excess water was evaporated at room temperature. To determine lipid content in the cells, a certain volume of isopropanol (0.5 ml/well of a 24-well plate) was added to the plates. The extracted dye was removed by pipetting to a new 96-well plate, and the optical density was monitored spectrophotometrically at 510 nM.
Western blotting analysis. Cells were harvested in lysis buffer containing 128 mM Tris·HCl (pH 6.8), 40 mM DTT, 2.5% SDS, 22% glycerol, 2% 2-mercaptoethanol, 0.025% bromophenol blue, and 1 tablet/10 ml of protease inhibitors. The lysates were sonicated and boiled before being loaded on SDS-PAGE. Western blotting was carried out, and detection of infrared fluorescence signal from fluorophores conjugated to the secondary antibodies was performed using the Li-COR Odyssey Imager (LI-COR Biosciences). The image quantification was carried out with Scion Image Software.
Semiquantitative RT-PCR. Total RNA isolation, reverse transcriptional reaction, and PCR reaction were performed as described previously (44) . PPAR␥ and GAPDH mRNA levels were quantitatively analyzed with Scion Image Software. PPAR␥ mRNA abundance was normalized to that of GAPDH. The PCR primers used are as follows: PPAR␥ forward primer 5=-TTTTCAAGGGTGCCAGTTTC-3=, PPAR␥ reverse primer 5=-TCTGTGACGATCTGCCTGAG-3=; GAPDH forward primer 5=-AACTTTGGCATTGTGGAAGG-3=, GAPDH reverse primer 5=-CCCTGTTGCTGTAGCCGTAT-3=. Sequential denaturing (94°C for 30 s), annealing (60°C for 30 s), and extension (72°C for 40 s) reactions were repeated 24 and 17 times for PPAR␥ mRNA and GAPDH mRNA, respectively.
Statistics. The results are presented as means Ϯ SE. Data for different treatments and time courses were analyzed using one-way ANOVA. Data for comparison between two groups were analyzed using Student's unpaired t-test (2-tailed). Data for animal studies with diet and drug interventions were analyzed using two-way ANOVA. These statistical analyses were followed by the Student-NewmanKeuls test, with P Ͻ 0.05 being statistically significant.
RESULTS

Systemic administration of CQ prevents high-fat diet-induced obesity and insulin resistance in mice.
Increased autophagy and autophagic flux in adipose tissues have been associated with obesity (21, 25, 33) , and genetic inhibition of autophagy attenuates diet-induced obesity (2, 47) . To further investigate autophagy function in adipogenesis in vivo and test the feasibility of targeting autophagy for prevention of obesity, we subjected mice to daily injections of CQ (60 mg/kg ip), with known inhibitory effects toward autophagy in vivo (1) during 8 wk of high-fat feeding. This effective dose that was Fig. 1 . Systemic administration of chloroquine (CQ) prevents high-fat diet-induced obesity and insulin resistance in mice. Adult (12 wk of age) male wild-type mice (C57BL/6) were on normal chow (NC) or high-fat diet (HF) for 8 wk, with daily injection (ip) of normal saline (SL) or CQ (60 mg/kg). A: anterior views of mice following euthanization showing the appreciable differences in body size and visceral adipose tissues through the abdominal incision following 8 wk of diet and pharmacological intervention. B: changes in body weight during the treatments (n ϭ 12/group). ϩ and *, P Ͻ 0.05 and P Ͻ 0.01, respectively, vs. NC-SL for each time point. C: %body fat measured by MRI. D: daily food intake based on consumed food weight. E: blood glucose level during glucose tolerance test (GTT). F: area under the curve (AUC) of blood glucose levels during GTT (n ϭ 12/group). G: representative microPET images of [ High-fat-induced mitochondrial pathology (arrows point to normal mitochondria, and arrowheads point to swelling mitochondria) was significantly attenuated by CQ injection. Bars equal 5 and 1 m at top (low magnification) and bottom (high magnification), respectively. **P Ͻ 0.01; ***P Ͻ 0.001. used previously is moderately higher than that recommended for humans (ϳ15 mg/kg) (1). We observed that CQ injection reduced high-fat diet-induced obesity significantly, with no significant impact on food intake (Fig. 1, A-D , and Table 1 ). High-fat diet also resulted in a moderate but significant reduction of lean body mass, which was completely ameliorated by CQ injection (Table 1) . Therefore, CQ injection is sufficient to prevent high-fat diet-induced obesity in mice. As a consequence, CQ injection significantly reduced glucose intolerance [30,095 Ϯ 1,176 mg·dl Ϫ1 ·min area under the curve (AUC) for HF-SL and 24,124 Ϯ 1,522 mg·dl Ϫ1 ·min AUC for HF-CQ; n ϭ 10 -12, P Ͻ 0.01; Fig. 1, E and F] and insulin resistance in skeletal muscle, as assessed by microPET analysis (Fig. 1, G  and H) . Therefore, CQ, an inhibitor of autophagy, can potentially be used to prevent diet-induced obesity and the consequent insulin resistance. Transmission electron microscopy analysis revealed that CQ administration also improved mitochondrial morphology (swelling and degeneration) in the liver induced by high-fat diet (Fig. 1I ), suggesting that CQ may have broader impact on the metabolic syndrome other than the prevention of obesity.
Adipogenic differentiation is associated with activation of autophagy. To further investigate the potential mechanism by which inhibition of autophagy prevents obesity, we determined whether autophagy is activated in adipogenic differentiation by measuring protein levels of autophagy markers sequestosome 1 (Sqstm1 or p62) and microtubule-associated protein 1A/1B-light chain 3 (LC3 or Atg8). Within 24 h of adipogenic differentiation in 3T3-L1 preadipocytes, both p62 and the ratio of LC3-II to LC3-I were significantly reduced (Fig. 2, A and B) , indicating collectively an activation of autophagy with increased flux (32) . To further confirm increased autophagy in adipogenic differentiation, we measured LC3-I to LC3-II conversion (32) in cells treated with CQ (30 M), which is known to block autophagasome-lyosome fusion and autophagy flux with accumulation of LC3-II (1). CQ treatment led to greater fold increases of LC3-II and p62 in differentiating preadipocytes (24 h into differentiation) than proliferating preadipocytes treated with CQ for the same duration (Fig. 2, C and  D) . As a positive control, we subjected in 3T3-L1 preadipocytes to nutrient starvation, which is known to activate autophagy (27, 40) , and found that starvation resulted in reduced p62 expression and LC3-II/LC3-I ratio in 3T3-L1 preadipocytes (Fig. 2, E and F) . These data collectively suggest that autophagy is activated during the early phase of adipogenic differentiation.
CQ treatment prevents adipogenic differentiation with reduced PPAR␥2 protein level. We then sought to determine the functional role of autophagy by pharmacological interventions. We treated 3T3-L1 preadipocytes for only the first 24 h during adipogenic differentiation with CQ and two other anti-malaria drugs with similar chemical structures, HCQ and PQ. CQ and HC, but not PQ, blocked the adipogenic differentiation as assessed by Oil Red O staining (Fig. 2, G and H) . To further confirm the blockage of adipogenic differentiation, we examined the protein levels of transcriptional factors that function in regulation of adipogenesis, such as C/EBPs and PPAR␥, and proteins that function in mature adipocytes, such as FABP4 (aP2). CQ and HCQ, but not PQ, significantly reduced PPAR␥ protein level (Fig. 2, I and K) . The reduction of PPAR␥2 protein level was much more profound than PPAR␥1, which was expressed at a low level to begin with. A trend of reduction (not statistically significant) was observed for C/EBP␤ but not for C/EBP␦ and C/EBP␣ (Fig. 2I , quantification not shown). Consistent with attenuated adipogenic differentiation, FABP4 protein level was significantly reduced by CQ and HCQ but not by PQ (Fig. 2, I and K). When we measured the impacts of these drugs on autophagy markers, CQ and HCQ, but not PQ, significantly increased p62 and LC3-II/LC3-I ratio (Fig. 2, I and J), suggesting that only CQ and HCQ were effective in inhibiting autophagy. Additionally, treatment of differentiating 3T3-L1 preadipocytes with Baf (20 nM), which blocks autophagasome-lysosome fusion, achieved similar effects as treating the cells with CQ and HCQ, with significant attenuation of adipogenesis (Fig. 2L) and reduced PPAR␥2 protein level (Fig. 2, M and N) . These findings are consistent with the notion that pharmacological inhibition of the formation of autolysosome prevents adipogenic differentiation, possibly by reducing PPAR␥2 and C/EBP␤ protein levels in preadipocytes.
Genetic inhibition of autophagy prevents adipogenic differentiation with reduced PPAR␥2 protein level. We further employed genetic interventions to determine whether increased autophagy is required for adipogenic differentiation. We first employed RNA interference to reduce the expression of the Atg5 gene, an essential gene for autophagy (27) . Infection of 3T3-L1 preadipocytes with two Atg5 shRNA lentiviruses (RNAi-1 and RNAi-2) significantly inhibited adipogenic differentiation (Fig. 3, A and B) , concurrent with a reduced PPAR␥2 protein level, with no significant impact on C/EBP␤ protein level (Fig. 3C ). FABP4 protein level was also significantly reduced by Atg5 knockdown. None of these effects was observed when these cells were infected with a nontargeting Values are means Ϯ SE (n ϭ 12). CQ, chloroquine; HF, high-fat; NC, normal chow; SL, normal saline. Adult (12 wk of age) male wild-type mice (C57BL/6) were on NC or HF diet for 8 wk with daily injection (ip) of SL or CQ (60 mg/kg). *P Ͻ 0.05 vs. NC-SL group; ***P Ͻ 0.001 vs. NC-SL group; ؉؉؉P Ͻ 0.001 vs. HF-SL group; ###P Ͻ 0.001 vs. NC-CQ group.
shRNA lentivirus (RNAi-N) or another Atg5 shRNA lentivirus (RNAi-3), which was not effective in knocking down Atg5 (Fig. 3C) . These findings are consistent with the notion that the inhibition of adipogenic differentiation was due to reduced autophagy. To further confirm the essential function of Atg5, we isolated mouse embryonic fibroblasts (MEF) from Atg5 
MEF but not in Atg5
Ϫ/ϩ and wild-type MEF (Fig. 3, D-F) . The deletion of the Atg5 gene (Fig. 3F, arrow ) had no effect on C/EBP␤ protein level. These results indicate that inhibition of autophagy prevents adipogenic differentiation along with reduced PPAR␥2 protein level possibly through posttranscriptional regulation. 
Adipogenic differentiation enhances PPAR␥2 protein stability possibly through autophagy-mediated repression of the proteasome-dependent protein degradation.
Based on the findings described above, we speculated that autophagy might control PPAR␥2 protein stability. To test this, we measured PPAR␥ protein stability in proliferating and differentiating 3T3-L1 preadipocytes (24 h into differentiation) by treating the cells with protein synthesis inhibitor cycloheximide (CHX) and measuring PPAR␥ protein over time. We found that PPAR␥2 protein degraded rapidly in proliferating preadipocytes but became stabilized in differentiating adipocytes, whereas PPAR␥1 protein stayed relatively stable under both conditions (Fig. 4, A and B) . PPAR␥2 had a half-life of ϳ1 h in proliferating preadipocytes and a half-life of Ͼ10 h in differentiating preadipocytes. These results indicate that adipogenic differentiation is associated with increased PPAR␥2 protein stability.
We next asked whether autophagy might stabilize PPAR␥2 protein. Considering the fact that PPAR␥2 is degraded by the proteasome-dependent protein degradation (18, 22) , we hypothesized that activation of autophagy inhibits this degradation process. To test this hypothesis, we treated differentiating 3T3-L1 preadipocytes with MG132, a proteasome inhibitor, for 2 h before exposing them to CQ or HCQ for 24 h. Consistent with our hypothesis, reduction of PPAR␥2 protein level induced by inhibition of autophagy was completely prevented by MG132 (Fig. 4C) , supporting the possibility that autophagy stabilizes PPAR␥2 protein by interfering with the proteasomedependent PPAR␥ protein degradation. The reduction of PPAR␥, presumably PPAR␥2, protein level by inhibition of autophagy did not occur at the transcriptional level since neither the drug treatments nor Atg5 knockdown altered PPAR␥ mRNA expression significantly (Fig. 4, D and E) .
DISCUSSION
Obesity is a major risk factor for type 2 diabetes, cardiovascular disease, and cancer, and the prevalence of obesity is reaching a pandemic level worldwide (5, 10, 45) . There is an urgent need for identifying the critical step(s) in the pathogenesis of obesity for developing effective interventions to curb the problem. Autophagy has recently been shown to be involved in lipid metabolism and adipogenesis (2, 37, 47) , triggering great interests in elucidating the underlying mechanism and testing the feasibility of targeting autophagy for the prevention and treatment of obesity and related metabolic disorders. In this study, we have shown that systemic administration of CQ, an inhibitor of autophagy, is effective in preventing diet-induced obesity and its related metabolic consequences in mice and that autophagy may play an important Ϫ/ϩ , and Atg5 Ϫ/Ϫ mouse embryonic fibroblasts (MEF). E: quantification of Oil Red O staining (n ϭ 7-9/genotype; ***P Ͻ 0.001 vs. WT). F: Western blot analysis of markers for autophagy, adipogenic differentiation, and transcription factors involved in adipogenic differentiation. Please note that the band indicated by an arrow is Atg5, which is missing in Atg5 Ϫ/Ϫ MEF. All images shown are representative of 3 independent experiments with triplicate samples. FABP4, fatty acid-binding protein 4. role in the pathogenesis of obesity by regulating PPAR␥2 protein stability during adipogenic differentiation.
The finding of prevention of diet-induced obesity and insulin resistance by CQ administration clearly justified further investigation of the functional role of autophagy in adipogenesis in vivo. Our finding that daily injection of CQ prevents dietinduced obesity and the onset of insulin resistance suggests the feasibility of targeting autophagy for the revention of obesity and related pathological conditions. The fact that high-fat-fed mice treated with CQ had similar food intake compared with saline-injected mice indicates that CQ treatment affects adiposity independent of calorie intake. We do not know the precise energetic mechanism by which CQ treatment leads not to reduced food intake but to reduced obesity. Potential mechanisms could be increased expenditure, reduced absorption, and/or increase discharge. Although the current results suggest that the attenuated whole body glucose intolerance and skeletal muscle insulin resistance are due to reduced obesity, a direct role of CQ in improving insulin sensitivity of peripheral tissues cannot be ruled out. Finally, CQ is not likely to specifically inhibit autophagy in adipose tissue; it may exert potent function in repressing autophagy in other metabolically important tissues such as liver and skeletal muscle. In fact, we have observed significant improvement of mitochondrial morphology by CQ injection compared with saline injection under the condition of high-fat diet. These findings suggest that either CQ injection leads to attenuation of the metabolic syndrome induced by high-fat diet, including reduced mitochondrial damage in the liver, or CQ injection has a direct positive impact on the liver with less accumulation of damaged mitochondria.
In a recent study, a low dose of CQ was used to treat apolipoprotein E Ϫ/Ϫ mice and resulted in reduced atherosclerosis and glucose intolerance in an ataxia telangiectasia mutateddependent manner via the impact on JNK activity and lipoprotein lipase pathways in macrophages (36) . They have also shown that CQ treatment is effective in reducing metabolic abnormalities in mice of genetic models of obesity, ob/ob and db/db mice (36) . In light of these findings, we have provided independent confirmation in a model of diet-induced obesity and insulin resistance. These findings are in general consistent with previous findings of increased autophagy and autophagic flux in adipose tissues in obesity in humans and mice (21, 25, 33) , except for one study in mice (46) . Our findings in liver mitochondrial morphology are also consistent with a broad, positive impact of CQ in the whole animal model, and our findings in adipocytes in vitro by pharmacological and genetic interventions help improve our understanding of a mechanism by which inhibition of autophagy is a promosing target for prevention and treatment of obesity and metabolic disorders. . Since expression level of PPAR␥ protein in proliferating 3T3-L1 preadipocytes is significantly lower than that in differentiating cells, we overexposed the gel for the purpose of visualization and set the level before treatment as reference. C: Western blot analysis for PPAR␥ protein level in 3T3 preadipocytes during differentiation in the presence or absence of proteasome inhibitor MG132 with or without CQ, HCQ, and PQ (n ϭ 9/treatment; **P Ͻ 0.01). All images shown are representative of 3 independent experiments with triplicate samples. D and E: semiquantitative PCR analysis for differentiating 3T3-L1 treated with or without (Con) 30 mM CQ, 30 mM HCQ, or 30 mM PQ for 24 h (D), followed by culturing in maintenance medium for 4 days (E). Semiquantitative PCR analysis for 3T3-L1 adipocytes infected with nontarget shRNA or one of the 3 Atg5 shRNA lentiviruses. PPAR␥ mRNA abundance was normalized to that of GAPDH. Data shown are the average of 3 independent experiments with triplicate samples.
The significance of these findings is threefold. First, the findings provide novel mechanistic insights into the role of autophagy in adipogenesis. Previous studies with molecular genetic deletion have provided important clues regarding the functional role of autophagy in adipogenesis (2, 37, 47) . Here, our studies provide information regarding the role of autophagy in the regulation of PPAR␥2 protein stability during adipogenic differentiation. This improved understanding of the regulation of PPAR␥ expression will help to break the barriers that have hindered our ability to develop effective interventions. Second, our findings reveal a cross-talk between the ubiquitin-proteasome and the autophagy-lysosomal systems converging on PPAR␥ degradation, with a significant impact on adipogenic differentiation and the pathogenesis of obesity, although the precise mechanism of how these two systems cross-talk in this context remains to be defined. Finally, our findings provide proof-of-concept evidence that inhibition of autophagy is effective in preventing diet-induced obesity and insulin resistance in animals, although we cannot rule out the possibility that inhibition of autophagy improves insulin sensitivity under the condition of high-fat diet independent of its impact on adipogenesis.
It is well established that differentiation condition in vitro and high fat-diet feeding in vivo lead to increased PPAR␥ protein level (6, 43) . More recent studies have revealed the importance of the regulation of ubiquitin-proteasome-mediated PPAR␥ protein degradation in adipogenesis (8, 22) in addition to the transcription of the gene. This degradation process appears to be linked to posttranslational modifications of PPAR␥, such as phosphorylation and SUMOylation (7, 8) . It has been postulated that PPAR␥ is degraded by the ubiquitinproteasome system upon phosphorylation at serine residue 112 by the MEK/ERK pathway (8, 9, 20) . Our findings in this study showed altered protein stability of PPAR␥, specifically PPAR␥2, depending on the status of cell proliferation/differentiation. These findings further demonstrate the importance of PPAR␥ protein stability in its biological function.
It is worthy of note that autophagy inhibition in this study selectively reduced PPAR␥2 protein level and attenuated adipogenic differentiation. This is consistent with previous findings that PPAR␥2 expression is adipose tissue specific (41, 42) , whereas PPAR␥1 is expressed at low levels in multiple tissues (42) , and PPAR␥2 also has greater potency than PPAR␥1 in inducing adipogenesis (43) . It raised an interesting question regarding how autophagy may selectively affect the degradation of PPAR␥2. Since PPAR␥2 differs structure-wise from PPAR␥1 by only a 30-amino acid extension at the NH 2 terminus, this NH 2 -terminal extension may contain signals that define the labile feature of PPAR␥2 with autophagy dependency, which remains to be ascertained.
Interestingly, activation of PPAR␥ has been shown to stimulate autophagy (48) . Therefore, it is possible that there is a feed-forward loop between activation of autophagy and PPAR␥2 expression during adipogenic differentiation, which may be required for progression of adipogenesis. This may also explain why inhibition of autophagy exerts profound protection against adipogenesis in vitro and against obesity induced by high-fat diet in vivo.
The ubiquitin-proteasome-dependent and autophagy-lysosome-dependent protein degradation pathways have long been viewed as parallel, unrelated degradation systems. However, newly accumulated evidence suggests that there exist interactions or even cooperation between these two systems. This is particularly relevant in the degradations of neurodegenerativerelated proteins (17, 30) . Recent findings have implicated the functional importance of a cooperation between these two systems (24) . Our findings provide an example of opposing roles of the ubiquitin-proteasome-dependent system and autophagy-lysosome-dependent system in regulating PPAR␥2 stability. Specifically, our findings suggest that activation of autophagy during adipogenic differentiation leads to PPAR␥2 stabilization. In other words, activation of autophagy appears to influence the ability of the ubiquitin-proteasome-dependent system to degrade PPAR␥2. Although the precise action site of autophagy remains to be identified, we do not believe that this is a general action of autophagy to the proteasome degradation system, as inhibition of autophagy consistently resulted in reduced protein level of PPAR␥2 but not other transcription factors that also function in adipogenic differentiation.
In summary, we have shown that adipogenic differentiation is associated with an activation of autophagy. Autophagy inhibitor treatment or genetic inhibition of autophagy potently reduces PPAR␥2 protein stability and expression and blocks adipogenic differentiation. These findings reveal a novel mechanism by which the ubiquitin-proteasome-dependent system has a cross-talk with the autophagy-lysosome-dependent system in the regulation of PPAR␥2 protein stability during adipogenic differentiation. We now propose a working model that, under basal or proliferating conditions, PPAR␥2 protein is degraded by the ubiquitin-proteasome-dependent system. In response to adipogenic differentiation signal, the autophagylysosome-dependent system is activated, interfering with the proteasome-dependent PPAR␥2 degradation, which stabilizes PPAR␥2 protein and promotes adipogenic differentiation (Fig. 5) . Our findings indicate that targeting this critical regulatory step is an effective intervention for the prevention of obesity and type 2 diabetic mice.
